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Heat transfer characteristics of microencapsulated phase change material (MPCM)
slurry flow in a circular horizontal tube are presented in this paper. Phase change due
to the melting is investigated for water-based slurries using microencapsulated 1-bro-
mohexadecane (C16H33Br) with a mass concentrations varying from 0 to 27.6%. The
local heat transfer coefficients varied significantly along the test section when PCM
particles were melting. The average Nusselt numbers were calculated based on the
local heat transfer data and found to be significantly higher than those for single-
phase fluid flow. Two new heat transfer correlations, one used for the slurry under
laminar condition (0\ Re \ 2000) and another used for the slurry under slightly tur-
bulent condition (2200 \ Re \ 3500), were proposed for predicting the heat transfer
behaviors of MPCM slurry in a circular tube. � 2008 American Institute of Chemical Engi-

neers AIChE J, 54: 1110–1120, 2008

Keywords: MPCM slurry, test section, local Nusselt number, average Nusselt number,
phase change

Introduction

The presence of particles such as copper, chalk, carbon,
chalk and silica, and plastic bead in single-phase fluids can
significantly increase the heat transfer coefficients. Since
1950s, many investigations have been made to understand
the heat transfer characteristics of liquid–solid slurries.1–4

Recent advances in material science have led to the develop-
ment of new category of fluids termed phase change slur-
ries.5 Such fluids are liquid suspensions containing a small
number of phase change material (PCM) particles with the
dimensions of several microns. Because of the high apparent
heat capacity induced by the latent heat effect when PCM is
melting, phase change slurries may have double benefits of
heat transfer augmentation and energy storage relative to
conventional solid–liquid slurry flow without phase change,
which make it possible to reduce the size of the pipes, heat
exchangers, pumps, and thermal storage systems.

Correspondence concerning this article should be addressed to Jianlei Niu at
bejlniu@polyu.edu.hk.
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Phase change slurries are classified into phase change
emulsion and microencapsulated phase change material
(MPCM) slurry. The former is prepared by dispersing the
fine PCM particles into a single phase carrier fluid, with the
additive of emulsifier/surfactant.6 The latter is produced by
microencapsulated fine PCM particles with a thin plastics
shell and dispersed into an aqueous solution as a carrier
fluid.7 Because of the sticky properties of the PCM material,
particles without microencapsulation easily stick together to
form lumps, and clogging may often occur in the pipe sys-
tems.8 However, by microencapsulating the PCM particles,
the core material is always separated from the carrier fluid,
and therefore the deposition and agglomeration of particles
in the slurry are avoided.9 In addition, the viscosity of
MPCM slurry does not increase obviously even when the
loading of slurry was increased up to 15%, and the slurry
exhibited Newtonian behavior when mass particle fraction is
up to 0.3.10 The MPCM slurry was therefore chosen in this
study.

Several studies on the flow and heat transfer characteristics
of MPCM slurry flow have been conducted in the past.
Kasza and Chen11 conducted an analytical study to investi-
gate the heat transfer performance of solar energy or waste
heat utilization system using phase change slurries and
explored the potential benefits in reducing the pumping
power and the storage tank size. They claimed that heat
transfer performance of slurry flow in both laminar and tur-
bulent conditions would increase because of the microcon-
vective enhancement of thermal conductivity and latent-heat-
induced heat capacity. Charunyaorn et al.12 developed a
model to predict the laminar MPCM slurry flow in a heated
circular duct and showed about 2–4 times increase of the
Nusselt number compared with single phase fluid flow. Goel
et al.13 conducted the heat transfer test of laminar MPCM
flow in a heated circular pipe and confirmed the validity of
numerical results of Charunyaorn et al. Other related numeri-
cal investigations of laminar MPCM slurries flow include the
works of Zhang and Faghri,14 Alisetti and Roy,15 Hu and
Zhang,16 and Ho et al.17 All previous investigations in lami-
nar MPCM slurry flow showed that the particle concentration
and latent heat were dominating parameters in heat transfer
enhancement, whereas the effects of specific heat ratio (Cp,p/
Cp,f), thermal conductivity ratio (kp/kf), and particle size were
relatively weak.

Several experiments were conducted to deal with flow and
melting heat transfer characteristics of phase change slurries
under turbulent flow conditions in a heated circular duct.
Choi et al.18 measured the local pressure drop and heat trans-
fer coefficient of turbulent phase change emulsion flow (mix-
ture of water and PCM with additive of emulsion) with 10%
particle mass concentration in a horizontal tube with constant
heating rates. They observed a significant enhancement in
heat transfer performance because of the latent heat effect
when PCM melted. They also found that both the local heat
transfer coefficients and pressure drop along flow direction
varied significantly when PCM melted, which made it diffi-
cult to apply the log-mean-temperature-difference (LMTD)
method to determine the heat transfer coefficient. Yamagishi
et al.19 measured the pressure drop and local convective heat
transfer coefficients of turbulent microencapsulated octadec-
ane (C18H38) slurry flow in a horizontal circular pipe with

constant heating rates, and reported that heat transfer per-
formance of MPCM slurry was influenced by the particle
fractions, the degree of turbulence, and the heating rates on
the tube wall.

In general, all preliminary studies indicate promising per-
formance of MPCM slurry as a heat transfer and storage me-
dium. No correlations, however, were proposed to describe
the melting heat transfer characteristics of MPCM slurry
flows in a circular pipe. This is perhaps due to the complex
heat transfer mechanisms of the MPCM slurry flow and nar-
row ranges of experimental conditions applied for each
investigation.

This study aims to obtain reliable heat transfer data and
derive heat transfer correlations for MPCM slurry flow in a
horizontal circular pipe with constant heating rates. The
experiments covered both the laminar and turbulent flow
velocities and the particle mass fractions varied from 0 to
27.6%. To accurately evaluate the heat transfer characteris-
tics of MPCM slurries in pipes, the average heat transfer
coefficients were determined based on the local heat transfer
coefficients instead of those based on the inlet and outlet pa-
rameters. Numerous correlations of solid–liquid flow without
phase change in a horizontal pipe have been reported. In this
study, the correlations in the literature will be examined and
modified for the specific case of MPCM slurry flow, after
which new correlations were developed for the MPCM slurry
flow in a horizontal circular pipes with constant heat rates.

Properties of MPCM Slurries

The original MPCM slurry was prepared via a microencap-
sulation process and consisted of microencapsulated 1-bro-
mohexadecane (C16H33Br) particles suspended in pure water.
The appearance is shown in Figure 1. The MCPM particles
used industrial-grade 1-bromohexadecane (Tm 5 14.38C,
DHm 5 160 kJ kg21) as core material and amino plastics as
shell material, respectively. The core-shell mass ratio was
controlled to about 7:1 during the microencapsulation pro-
cess. The size distribution of microcapsules was measured by

Figure 1. The appearance of the MPCM slurry devel-
oped by the authors.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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a particle characterization system (Malvern Instrument,
Malvern Masterzer 2000). As shown in Figure 2, the micro-
encapsulated PCM particle diameter distribution ranged from
2.0 to 31.7 lm and volumetric averaged diameter was
10.1 lm. By diluting the original MPCM with pure water, the
less concentrated MPCM slurries could be easily obtained.

The rheological behaviors of the slurry were measured by
a Paar Physica MCR 300 Rheometer (Paar Scientific). Figure
3 shows the relationship of share stress and shear rate for the
slurries with particle mass fractions from 0.05 to 0.276 at the
temperature of 208C, and it can be seen that the shear stress
increased linearly with the rise of the shear rate, and that
the lines for different particle mass concentrations crossed at
the original point, which proved that the MPCM slurry flow
in this study is Newtonian flow even when the particle mass
fraction reached 0.276. The measured dynamic viscosities
of the slurry at different mass fractions are presented in
Table 1.

The densities and heat capacities of slurry were calculated
by weighted fraction of the densities of PCM, the coating
material, and the water, based on the mass and energy bal-
ance.12

qp ¼ 8

7

dc

dp

� �
(1)

qb ¼ 1

wp=qp þ
�
1 � wp

�
=qw

(2)

Cp;b ¼ wpCp;p þ
�
1 � wp

�
Cp;w (3)

where dc and dp are the diameters of the MPCM particle
core and MPCM particle, repetitively. wp is the mass fraction
of MPCM particles in the slurry, qp the density of MPCM
particles, qw the density of the water, Cp,b the specific heat
capacity of the slurry, Cp,p the specific heat capacity of the
MPCM particles, and Cp,w the specific heat capacity of the
water.

The thermal conductivity of the microcapsule was calcu-
lated based on the composite sphere approach,12 which is
given by

1

kpdp

¼ 1

kcdc

þ dp � dc

kwdpdc

(4)

where kp is the thermal conductivity of the MPCM particles
and kw the thermal conductivity of the water.

The thermal conductivities of MPCM slurries were calcu-
lated by Maxwell’s relation,20 which is given as

kb ¼ kf 3
2kf þ kp þ 2/

�
kp � kf

�
2kf þ kp � /

�
kp � kf

� (5)

where kb is the thermal conductivity of the slurry.
The properties of the slurry calculated from Eqs. 1 to 5

are presented in Table 1.

Experimental Details

Experimental apparatus and procedures

An experimental rig was built to study the convective heat
transfer feature of the MPCM slurry flows in a horizontal
tube. The schematic diagram is shown in Figure 4. The
major components include a heat transfer test section, a plate
heat exchanger (Tranter, Type B25), a slurry reservoir tank,
two slurry pumps, two float flow meters, a AC power supply,
and a chiller. The mass flow rate of the slurry was deter-
mined by measuring the effluent fluid of the test section by
the weighing method.

A 5-l reservoir tank made of polymethylmethacrylate was
used to store the MPCM slurry and to monitor the dispersion
behavior and the stability of the slurry. To keep the MPCM
slurry homogeneous, a variable speed stirrer was installed on
top of the tank. The flow rates of slurry were adjusted by
tuning a mainline throttling valve and a bypass valve man-

Figure 2. The PCM particle size distribution.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 3. The relationship of shear stress and shear
rate at different particle mass concentra-
tions.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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ually. A chiller of 3 kW cooling capacity was used to cool
the glycol solution. A plate heat exchanger, which has a heat
exchanger surface of 1.76 m2 and heat exchanger capacity of
3 kW, which matches with the capacity of the chiller of 3
kW, was used to freeze the MPCM slurry by the low temper-
ature glycol flow.

The heat transfer test section itself was a straight circular
stainless steel (Cri8Ni9Ti) tube, 1.46 m in length with an in-
ternal diameter of 4 mm and a wall thickness of 1 mm. It
also functioned as the heating source by connecting the elec-
tric wire directly on both ends to obtain a uniform heat flux.
Power supply consisted of a 3 kVA power transformer, a
manually controlled autotransformer and an insulating trans-
former. The power input to the test section was calculated by
multiplying the reading of the ammeter with the reading of
the voltage meter. The test section was fitted with flanges,
which were isolated electrically and thermally from its
upstream and downstream sections by Teflon O-rings. To
minimize the heat losses to the ambient environment, the
whole test section was thermally insulated by foam-type
insulation material with a thickness of 10 cm.

The inlet and outlet slurry temperatures of the test section
were measured by inserting the PT-1000 type thermocouples
into the flowing fluid. The thermocouples for measuring the
inlet and outlet were located 10 cm upstream and down-

stream of the heat transfer test section. The measuring points
of the two thermocouples were located at the center points
between the inner tube wall surface and the tube centerline.
The measuring point for the slurry outlet bulk temperature
was fully hydraulically developed because the length of the
entrance region starting from the inlet of the test tube can be
calculated by the equations of Llaminar 5 0.05 Reb Dtube and
Lturbulent 5 10Dtube, respectively, for the laminar and turbu-
lent flows. On the other hand, there is no axial heat conduc-
tion because the inlet and outlet heated sections of test tube
were insulated by the Teflon flange. Therefore, there were
minimal radial temperature gradients in the slurry flow at the
cross section of the measure point. Theoretically, this careful
location of the thermocouple for measuring the outlet bulk
temperature as already rendered has the reading very close to
the outlet bulk temperature of the slurry.

Eight T-type thermal couples were attached to the outer
surface of the test tube and the distance between the neigh-
boring points was 0.18 m. The inlet and outlet temperatures
of heat exchangers were measured by inserting four T-type
thermal couples into the fluids. All the temperature sensors
were calibrated and the measurement error was less than
0.18C. Pressure drop was measured across the test section
using an electronic differential pressure transducer with an
accuracy of 60.01 kPa. During the experiments, the varia-
tions of the temperatures at the inlet and outlet of test section
were controlled to be less than 60.258C. Four pressure gages
were also installed in the inlet and outlet of the heat
exchangers for each pass to monitor the pressure variations.

To estimate the heat loss from the experimental apparatus
to the ambient environment, the apparatus was firstly oper-
ated with only pure water flowing in the system. Then the
heat losses can be estimated by subtracting the net heat re-
moval by the water flow from the electric power inputs of
the AC power supply. The experiments were repeated with
different electrical power inputs and fluid mass flow rates.
The heat losses to the surroundings were found to be small
(maximum 4% to the total electric power input).

When the MPCM slurry flowed in the system, the temper-
atures at the outlet of the heat exchanger were controlled at
28C by tuning the inlet temperature of the glycol solution,
which was much lower than the melting temperature of the

Figure 4. Schematic diagram of the experimental
apparatus.

Table 1. Physical Properties of MPCM Slurry and its Components

Density
(kg m23)

Specific Heat
(J kg21 8C21)

Thermal
Conductivity

(W m21 8C21)
Latent Heat
(kJ kg21)

Viscosity at
208C (mPa s)

1-Bromohexadecae
Solid21,22 1006 1762 0.141 160
Liquid 998 1437 0.300

Urea-formaldehyde23 1490 1675 0.433
Water (at 208C)24 998 4183 0.599
MPCM particle

Solid 1093 1751 0.135 140 1.00
Liquid 1057 1467 0.285

MPCM slurry (mass fraction)
F 5 0.050 1001 4061 0.568 7.0 1.57
F 5 0.100 1004 3940 0.539 14.0 1.73
F 5 0.158 1007 3801 0.506 22.0 2.92
F 5 0.204 1010 3687 0.480 28.6 3.29
F 5 0.276 1014 3534 0.446 38.6 8.42
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PCM (Tm 5 14.38C). Considering the supercooling degree of
108C, such a low temperature was necessary to solidify all
the PCM in the heat exchanger. When the slurry temperature
and flow rate were set at the desired values, the electric
power was switched on to heat the slurry flow. The outlet
temperatures of the test section were controlled at 20 or
258C to ensure that all PCM particles have completed the
phase change processes by adjusting the electrical power
input to the test section. In normal working conditions, the
slurry at the inlet of heat exchanger was pressurized by the
pressure pump to about 0.65 MPa to overcome frictions in
both the heat exchanger and the main test section.

All data from different instruments were taken after reach-
ing the steady state by observing the temporal variations in
the slurry inlet and outlet temperatures, test tube surface tem-
peratures, pressure drop, and power input. Data points were
taken at 10 min interval during steady state. All the data
were directly stored in the computer through a HP-34970
data acquisition system.

Data analysis method

The heat loss over the test section to the environment was
evaluated by the following equation:

Qloss ¼ Qinput � _mCp;b

�
Tb;o � Tb;i

�
(6)

where Qinput is the electric power imposed on the test sec-
tion, _m and Cp,b are the mass flow rate and specific heat
capacity of the water, respectively, and Tin and Tout are the
inlet and outlet of the water temperatures.

In this investigation, the local heat transfer coefficient
between the inner wall tube surface and the slurry flow was
defined as

hx ¼ qlw

Tlw � Tlb

(7)

where qlw is the local heat flux at the tube wall, Tlw is the
local inner wall surface temperature, and Tlb is the local bulk
mean temperature of the fluid. The local bulk mean tempera-
ture of the water can be easily calculated by assuming linear
increase along the test section, based on the inlet and outlet
temperatures and the tube heat flux. However, the local bulk
mean temperature of the fluid accompanying phase change is
not linear, and thus it cannot be simply estimated from the
aforementioned method. In this experiment, the local bulk
mean temperatures were calculated based on the ‘‘three-
region melting model,’’ which was proposed by Choi et al.,6

and the model is quite dependent of the material property
data. Table 2 shows the derived equations for the determina-
tion of the length of each region and associated bulk mean
temperature profile, Tb(x).

Based on the energy balance, the latent heat of the slurry
flowing in the test tube can be calculated by the following
equation:

DHm ¼ L1 þ L2

L
Q� _m

�
Tm � Tb;i

�� ��
_m (8)

To ascertain the complete phase change process and check
the accuracy of the measured outlet bulk temperature of

slurry, the calculated latent heat value by Eq. 8 at each ex-
perimental run was compared with that measured using the
DSC technique, because the latent heat value is always con-
stant for specific kind of MPCM slurry.

The inner tube wall surface temperature, Tlw, was derived
from the model based on 1-D thermal conduction in the
homogeneously heated wall of the test section,25 and the
result is given as

Tlw ¼ Two � C1

qlw

kwo

1 þ C1

2

aqlw

k2
wo

� �
(9)

where

C1 ¼ rw

r2
wo � r2

w

r2
wo ln

rwo

rw

� r2
wo � r2

w

2

� �

Two is the tube outer wall surface temperatures. rw and rwo

are the wall inside and outside radii, respectively. kwo is the
thermal conductivity of the tube, kwo 5 14.235 1 0.013398
Two, and a 5 0.0144, which is a constant.

Thermal conductivity, viscosity, and density of the slurry
can be evaluated from the physical property data in Table 1,
and the local dimensionless numbers for MPCM slurry flow-
ing in the heat tube were defined as follows:

Nux ¼ hxD=kb Prlb ¼ Cp;blb=kb Relb ¼ Dumqb=lb (10)

Instead of the LMTD method, the average heat transfer
coefficient (hm), Nusselt number (Num), Prandtl number
(Prm) and Reynolds number (Rem) were calculated using the
arithmetic averages of the local values in this study.

Uncertainty analysis

The maximum error of the temperature reading in this
study was 1.0%, and the error in the measurements of the
inner/outer diameter and pipe length was 0.5%. The mass
flow rate of the slurry was calculated from the mass of the
effluent fluid of the test section over a certain period, which
had an error of 0.1%. The error in the measurements of volt-
age and current were 1.5% and 1.0%, respectively. The error
in viscosity measurement was 1.0%. The corresponding
uncertainty for the Reynolds number therefore was 1.12%.

Because of the radial temperature gradient in the tube, the
bulk mean temperatures of the slurry inside the test tube
were not directly measured but calculated by the ‘‘three-
region melting model.’’ There might be deviations between
the calculated value and real value. To estimate the extent of
this deviation, the bulk temperature of the slurry can also be
calculated by ‘‘the linear melting model,’’ which assumes a
linear melting process of the MPCM particles both in Region
I and Region II. The actual melting processes might have the

Table 2. Bulk Temperature Profile Equation and
Length of Each Region

Local Bulk-Mean
Temperature

Length of the
Regions

Region I TbðxÞ ¼ Tbi þ Q
_mCp;b

x
L

L1

L ¼ _mCp;bðTm�Tb;iÞ
Q

Region II Tb(x) 5 Tm
L2

L ¼ L�L1�L3

L

Region III TbðxÞ ¼ Tm þ Q
_mCp;b

x
L

L3

L ¼ _mCp;bðTb;o�Tm;Þ
Q
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bulk temperature values between two extremes calculated by
the above two proposed models. This is also confirmed by
Yamagishi et al.,19 who directly measured the local bulk
temperatures of the microencapsulated octadecane slurry
under turbulent flow conditions by five thermocouples, all
local bulk temperatures in the Region I and Region II lied in
the two extremes calculated by the two models, and the
measured bulk temperatures were much more close to the
bulk temperature calculated by ‘‘three-region melting
model.’’ Figure 5 shows the bulk-mean temperature of slurry
calculated by the two models, and the bulk mean temperature
calculated by the ‘‘three-region melting model’’ is always
higher than that calculated by the ‘‘linear melting model.’’
Therefore, the heat transfer coefficient calculated by the
three-region model is higher than that by the ‘‘linear melting
model.’’ This adds uncertainty for determining the heat trans-
fer coefficient. However, in our experiments the inlet temper-
ature of the slurry was controlled to be slightly lower than
the melting temperature. As a result, in the axial position
where the maximum temperature difference would occur, the
mean bulk temperature calculated by the ‘‘three-region melt-
ing model’’ is no more than 3.5% higher than that calculated
by the ‘‘linear melting model’’ for all the experimental runs,
and this will result in an additional 3.5% uncertainty in the
heat transfer coefficient calculation.

The errors of the input heat flux measurements mainly
depend on the accuracies of the ammeter, the voltmeter, and
the heat loss from the section to the environment. The total
heat loss of the test section, which was calculated by Eq. 6,
was less than 4% of the electric power input from the AC
power supply. Therefore, the uncertainty for local heat trans-
fer coefficient was 66.7%, and the corresponding uncertainty
of Nusselt number was 6 6.7%. The deviation between the
calculated latent heat of the slurry for each experimental run
was less than 4%, which can be considered as the error
caused by the heat loss of the test section.

Results and Discussion

Local heat transfer characteristics

In Figure 6, the evolution of the local Nusselt Number,
Nux, is plotted against the dimensionless axial distance,

x/(rDRePr), at particle mass concentrations of wp 5 5%, 10%
and 15.8%, and under the same heating rate across the test
section, Q 5 296.8 W, and the same mass flow rate, _m 5

4.95 g s21. The corresponding Nusselt numbers for pure
water under the same heating rate and mass flow rate were
also calculated by Eq. 10, which is given for the single-phase
laminar flow in the thermally developing region26 as follows:

Nux ¼ 5:364 1 þ 200x�

p

� ��10=9
" #3=10

�1:0

where

x� ¼ ðx=DÞ=ðRelb PrlbÞ (11)

D is the tube inner diameter, x is the axial distance from
the inlet of test section, Relb local Reynolds number of the
bulk liquid slurry, and Prlb local Prandtl number of the bulb
liquid slurry.

As is shown in Figure 6, when the mass particle concen-
tration wp 5 15.8%, the local Nusselt number increased up
to 60.4% in comparison with single-phase flow. Such
enhancement was also related to the particle mass concentra-
tion, and the Nusselt number increased with the particle mass
concentrations. The local Nusselt number varied significantly
along the flow direction. The local heat transfer coefficient
decreased until all PCM particles melted, after that it
increased slightly, and finally it almost remained constant. It
is also interesting to note that the local Nusselt number dif-
ference between the MPCM slurry flow and the pure water
flow increased along the flow direction before the dimension-
less axial location of 0.02, and after that the difference
decreased till the point of 0.037, then it increased slightly
and it almost remained constant finally. Such phenomena can
be explained by the latent heat effect on the heat transfer
behaviors. The PCM particles firstly melted near the pipe
wall at the entrance of heat transfer section, as more particle
melting, the heat transfer coefficient increased, when the
number of melting particles reached at a maximum value at
the dimensionless axial point of 0.02, the heat transfer coeffi-
cient reached maximum value. After that the number of melt-

Figure 5. Two models for the bulk-mean temperature
of the MPCM slurry.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 6. The effects of particle mass fraction on local
Nusselt number.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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ing PCM particle decreased gradually, and so did the heat
transfer coefficient. When all PCM particles melted at the
point of 0.037, the heat transfer coefficient of MPCM slurry
approached that for the pure water. After the completion of
the melting, the viscosity decreased and Reynolds number
increased due to the increased temperature of slurry along
the test section, which result in a slight increase of the local
Nusselt number.

Figure 7 compares the heat transfer performance of
MPCM slurry at two different particle mass concentrations,
while the mean mass flow rate, the inlet temperature, and
heating rate are the same for two cases. The dashed line in
Figure 7 shows the local Nusselt number calculated by using
Eq. 12, which was derived by Choi and Cho27 for the turbu-
lent convective heat transfer of a single-phase fluid with
combined thermal developing and hydraulic developed
regions at the constant heating rates.

Nux ¼ 0:00425 Re0:979
lb Pr0:4

lb ðllw=llbÞ�0:11
(12)

where water dynamic viscosity llb was evaluated based on
the local mean temperature of the fluid and water dynamic
viscosity, llw, was calculated based on the local wall inner
surface temperature.

As is shown in Figure 7, the local Nusselt number varied
significantly along the heat transfer section. The Nusselt
number increased before the axial location of x/d 5 115,
then decreased till the point of x/d 5 205, and increased
again after that, while the local Nusselt number for pure
water increased almost linearly along the heat transfer sec-
tion. Such phenomena can be explained as follows: the
PCM particles melted near the tube wall at the entrance of
the test section, and as more PCM particles are melting,
the heat transfer coefficient increased. As the number of
melting particles reached the maximum value at the point
of x/d 5 115, the corresponding heat transfer coefficient
also reached the maximum value. After that the number of
melting particles decreased gradually, and on the other
hand, the melted PCM particles near the tube wall pre-
vented the transport of solid PCM particles to the tube wall

surface, both of which reduce the possibility of melting
PCM particles, and hence the heat transfer coefficient also
decreased. When all the PCM have completed the melting
at the point of x/d 5 205, the Nusselt number increased
slightly again after that because of the increased slurry
temperature along the test section.

In Figure 7, it is interesting to notice that the local Nus-
selt numbers of the slurry with wp 5 10% were lower than
those of the slurry with wp 5 5%, and even lower than
those of pure water in some locations. Yamagishi et al.19

also found a similar phenomena in a turbulent microencap-
sulated octadecane (C18H38) slurry flow, which contradicted
with heat transfer augmentation by the latent heat effect
and microconvective thermal conductivity enhancement.
While, the heat transfer characteristics of turbulent MPCM
slurry flow is influenced not only by the latent heat and
enhanced thermal conductivity, but also by the turbulent
degree. As reported by Liu et al.,28 there is a threshold of
particle size in the augmentation of the heat transfer of a
fluid when it was added into a single-phase flow. When the
particles are smaller than such size, a degradation of heat
transfer will be achieved. On the other hand, when particles
size is bigger than such size, there will be an enhancement
in heat transfer performance for a specific test tube. The
higher loadings of the solid particle will further degrade the
heat transfer performance. The very fine particles used in
this study (dm 5 10.1 lm) tended to follow all eddies and
promote the laminar flow condition, especially at higher
particle concentrations, which results in the reduction of
turbulent degree of the slurry flow. When the heat transfer
degradation due to the presence of the fine particles exceeds
the heat transfer enhancement due to the latent heat effects
of the MPCM cores, a lower heat transfer coefficient of
slurry compared with that of water appeared. The higher
local Nusselt number relative to the pure water in Figure 7
for the case of wp 5 10% particle concentrations exactly
reflected the latent heat effect of PCM during phase change,
although the lower local Nusselt number relative to pure
water were found for almost 2/3 of the pipe length because
of the depression of turbulence.

Average heat transfer characteristics

Figure 8 illustrates the tendency of the average Nusselt
numbers of laminar MPCM slurry at different mass fractions
of PCM particles and the Reynolds numbers. The experimen-
tal results indicate that MPCM slurry remarkably improve
heat transfer performance of the carrier fluid. Compared with
pure water, the Nusselt number of MPCM slurry was
increased more than 45% with particle mass fraction of 5%
at the same Reynolds number. Heat transfer enhancement up
to 167% was achieved when particle mass fraction was
0.276. The experimental results also indicate that the heat
transfer augmentation of MPCM slurry significantly increased
with the mass faction of PCM particles and the Reynolds
numbers. Therefore the particle mass fraction and Reynolds
number are dominating parameters affecting the Nusselt
numbers of a slurry flow.

The average heat transfer coefficients were also calculated
using the correlation given by Stephan,29 which is given for
a simultaneously developing single-phase laminar flow (Re

Figure 7. Local Nusselt numbers at different particle
mass concentrations of 5% and 10% Relb 5
4285–6201 for water and Relb 5 2515–3738
for slurry at _m 5 18.2 g s21.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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\ 2300) in a circular tube under constant wall heat flux as
follows:

Nuf ¼ 4:364 þ
0:086 RePr D

L

� �1:33

1 þ Pr Re D
L

� �0:83
(13)

The comparison between the present experimental results
and predicted values from Stephan’s correlation for single
phase-phase flow is shown in Figure 8. It was observed that
the discrepancies between the experimental values and pre-
dicted values were less than 6%. Considering the experimen-
tal difficulties experienced with the heat transfer of the fluid,
these results should be acceptable.

The average MPCM slurry Nusselt numbers in turbulent
flow are plotted in Figure 9 for runs conducted at two differ-
ent particle mass concentrations. The average heat transfer
coefficients are also predicted by the correlation given by
Gnielinski,30 which can accurately predict the fully devel-
oped single-phase flow for the Reynolds Number from 2300
to 104 in a circular pipe under uniform heat flux conditions
as follows:

Nugn;m ¼
ðf =8Þ

�
ReD � 1000

�
Pr

1 þ 12:7ðf =8Þ1=2
�
Pr2=3 � 1

� (14)

where

f ¼ ð1:82 log10 ReD � 1:64Þ�2

As shown in Figure 9, the discrepancies between predicted
values and the present experimental values were less than
8%, and the experimental values for pure water were always
higher than the predicted values. This is perhaps due to the
improper use of the Gnielinski correlation to calculate the
heat transfer coefficient. Gnielinski correlation is suitable for
fully developed turbulent flow, while the water flow here
was confined in thermally developing and hydraulically
developed flow region.

Figure 9 suggests that enhanced heat transfer performance
was achieved for slurries with particle concentrations of both

5 and 10%; about 1–2.5 times higher average Nusselt number
relative to those of water was obtained in comparison with
single-phase flow. Unsurprisingly, the lower average heat
transfer coefficients for 10% slurry relative to 5% slurry
were also found in Figure 9 because of the suppression of
turbulence of the MPCM slurry flow. In some cases, the av-
erage heat transfer coefficients for 10% slurry approached to
water at the same flow conditions.

Heat transfer correlations

The dimensionless correlations are required for the design
purposes to predict the convective heat transfer of MPCM
slurry in a horizontal circular tube. Because of the presence
of microencapsulated PCM particles in the water, correlation
equations for a single-phase flow, however, failed to predict
the heat transfer behaviors of MPCM slurry, and hence new
correlations should be proposed.

Several empirical correlations have been reported to pre-
dict the heat transfer characteristics of solid–liquid flow with-
out phase change in the pipes. Salamone and Newman1

investigated the heat transfer of the water suspensions of
solid particles of copper, carbon, chalk, and silica with vari-
ous size ranges from 1.5 to 56 lm and with concentrations
varying from 2.3% to 10.7% (by volume) in a horizontal
pipe and derived the following correlation:

Nu ¼ 0:131 Re0:62Pr0:72 kp

kf

� �0:05 D

dp

� �0:05 Cp;p

Cp;f

� �0:35

(15)

for 14,000 � Re � 140,000, 3.4 � Pr � 12.7, 0.53 � kp/
kf � 12.7, 282 � D/dp � 10,500, and 0.09 � Cp,p/Cp,f �
0.22.

Harada et al.3 also investigated the water suspensions
of glass beads with particle diameters varying from 0.06 to
1.0 mm in volume fraction of 0–10% in a horizontal pipe.
However, their experimental data could not be fitted well
by the Salamone and Newman correlation because of the
different kinds of particles used in each investigation.
Based on the Sieder-Tate equation, the following correla-
tion was proposed.

Figure 8. The Nusselt numbers of laminar MPCM slurry
vs. the Reynolds numbers and the predicted
values from Stephan correlation.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 9. The Nusselt number of turbulent MPCM
slurry vs. the Reynolds number and pre-
dicted values from Gnielinski correlation.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Nu ¼ 1:6 3 10�2Re0:88Pr1=3 lf

lw

� �0:14

(16)

for 8000 � Re � 50,000, 0.01 � _m � 0.1, and 0.0024 �
d/D � 0.071. The accuracy of the correlation is approxi-
mately 615%.

On the basis of experimental data, Özbelge and Somer31

derived a correlation for heat transfer to dilute liquid–solid
flow in a horizontal pipe, which is given as

Nu ¼ 0:202Re0:6Pr0:675 D

dp

� �0:092 lf

lw

� ��1:95

(17)

for 27,000 � Re � 120,000, 2.1 � Pr � 3.4, 1.17 � lf/lw

� 1.83, � D/dp � 512, and 0.5% � wp � 3%. The accuracy
of the correlation is � 20%.

In this work, because of the presence of the MPCM par-
ticles in the fluid, the heat transfer process can be divided
into two distinguished regions, the regions with phase change
and without phase change. The corresponding heat transfer
coefficient of two regions can be obtained separately. The
average heat transfer coefficients of slurry without phase
change can be calculated by Eqs. 15–17. The average heat
transfer equations for solid–liquid slurry with phase change
will be obtained based on the present experimental data.

Although Eqs. 15–17 were not consistent because of dif-
ferent experimental conditions and particular slurry used,
they can be expressed with a function of Nu 5 f(Re, Pr, D/
dp, kp/kf, Cp,p/Cp,f, ls/lw) in general. According to our litera-
ture review of the investigation of MPCM slurries, particle
diameter, thermal conductivity ratio, and heat capacity ratio
have little effect on the heat transfer characteristics, because
of the presence of the microencapsulated PCM particles in
the slurry; however, the latent heat of the material and the
heat flux imposed on the test tube significantly influence the
phase change process of the MPCM particles along the flow
direction slurry in the test tube, and thus affect the heat
transfer performance of the slurry. The latent heat and heat
flux effects can be described by a dimensionless parameter
Stefan number,12 which is defined as

Ste ¼ Cp;bjqwRd=kbj
wpDHmqp=qb

(18)

where Rd is the radius of the test tube.
The phase change region (L1 1 L2) of the MPCM particles

can be described as a dimensionless parameter (L1 1 L2)/D.
Therefore a general form of Nu 5 f[Re, Pr, Ste, (L1 1 L2)/
D, ls/lw] is obtained in this investigation to describe the
heat transfer characteristics of MPCM slurry in the phase
change region of the test tube.

For laminar MPCM slurry flow, the following dimension-
less parameters are used to account the effect of microencap-
sulated PCM particles in the laminar flow: average Reynolds
(Rem), Prandtl number (Prm), Stefan number (Ste), and phase
change region length [(L11L2)/D]. A linear model was pro-
posed based on the regression analysis of heat transfer coeffi-
cient data. The coefficients of the proposed model were
determined by the least square method,32 which yields the
following correlation equation giving best fit with the present

experimental data for 60 \ Rem \ 2200, 12 \ Prm \ 73
and 0.05 \ wp \ 0.276.

Num¼0:8148Re0:4593
m Pr0:4836

m Ste�0:1277½ðL1þL2Þ=D�0:3059
(19)

As can been seen from Eq. 19, the heat transfer correlation
equation of slurry in the phase change region has negative
powers of Stefan number and phase change region length
and positive powers of Reynolds number and Prandtl num-
ber. This quite accords with the phenomena presented in Fig-
ure 8, and the average heat transfer coefficient increases with
the amount of PCM particles suspended in the water.

Figure 10 compares the experimental heat transfer results
with those predicted by Eq. 19, and all the experimental data
can be predicted by Eq. 19 with a standard deviation within
610%.

For the turbulent MPCM slurry flow, dimensionless analy-
sis was also used in the derivation of heat transfer correla-
tion. The first four groups are the average Reynolds number
(Rem), average Prandtl number (Prm), and the phase change
region length [(L1 1 L2)/D)]. The dimensionless group (ls/
lw) is a correction factor to account for the effect of wall
temperature on the heat transfer coefficient. The coefficients
of proposed regression model were determined by the least
square method, which yielded the following correlation giv-
ing the best fit with the present experimental data for 2100
\ Re\ 3500, 13 \ Pr\ 15, and 0.05 \ wp \ 0.1.

Num ¼ 4:8527 3 10�4Rem
0:7733Prm

2:7941Ste0:3159

3½ðL1 þ L2Þ=D��0:333ðlm=lwÞ�2:4349 ð20Þ

where lm is the average dynamic viscosity of the slurry
in the phase change region and lw the average dynamic
viscosity of water calculated based on the inner tube wall
temperature.

Figure 11 compares the experimental heat transfer results
with those predicted by Eq. 20, and all the data can be pre-
dicted with Eq. 20 with a standard deviation within 610 %.

Figure 10. Comparison of measured and predicted
Nusselt numbers for laminar MPCM slurry
flow.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Equation 20 differs from the Eqs. 15–17, which can be
explained by as follows.

Equations 15–17 were obtained at very high Reynolds
number without phase change, while the present experiments
covered slightly turbulent flow (2100 \ Re \ 3500) and
latent effect of the MPCM particles. Although the higher
power of 0.7733 of Reynolds number in Eq. 20 is similar to
the power of 0.62–0.88 in Eqs. 15–17, the power of Prandtl
number is much higher than those presented in the previous
equations due to the low thermal conductivity of the MPCM
particles. On the other hand, because of the latent heat effect
of slurry with suspended MPCM particles, the latent heat
item and length of phase change region are included in Eq.
20.

In this work, the particle mass fraction takes negative
effect on the heat transfer coefficient, and the fine MPCM
particle decreases the turbulent degree of slurry under turbu-
lent flow conditions; this phenomena can also be found in
Figure 8. This effect is also reflected by a pronounced nega-
tive power of the viscosity ratio in Eq. 20. According to our
present manufacturing technique of MPCM particles, particle
size of 1–30 lm only can be produced. With the develop-
ment of the microencapsulation technique, the effect of parti-
cle size on the heat transfer performance of slurry along the
horizontal test tube will be examined in our future research.

Conclusions

An experimental study was performed to investigate the
heat transfer characteristics of MPCM slurries in a circular
horizontal tube with constant heating rates. The local heat
transfer coefficients were measured at both laminar and tur-
bulent flow conditions. It is found that the local heat transfer
behaviors varied significant along the flow direction of the
slurry. The average heat transfer coefficients were also calcu-
lated based on the local heat transfer data. Results showed
that local heat transfer coefficients for laminar slurry flow
were always higher than those of single-phase fluid because
of the latent heat effect and microconvective thermal conduc-
tivity enhancement, whereas the heat transfer performance of

turbulent slurry flow are not only affected by the above two
factors, but are greatly influenced by turbulent degree. About
1–2.5 times higher average Nusselt number relative to pure
water was found for turbulent slurry flow, whereas a degra-
dation of heat transfer performance was found at a higher
particle load of the slurry.

The heat transfer behaviors were modeled by applying
appropriate properties modified from the correlations for
solid–liquid mixture without phase-change effect. A new
laminar heat transfer correlation using dimensionless groups
was proposed for slurry in the phase change region along the
test tube direction, which predicts the average heat transfer
data within an error of 610%. A new turbulent heat transfer
correlation using dimensionless group was also proposed,
which predicts the average heat transfer data with standard
deviation within 610%. The new correlations, derived based
on the series of experiments covering in both laminar and
turbulent flow conditions, should be useful for the design of
the new compact heat exchangers with MPCM slurry appli-
cations.
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Notation

a5 constant (Eq. 8) (W m 8C2)
Cp5 specific heat capacity (J kg21 K21)
d5particle diameter (lm)
D5 tube diameter (m)
Gz5Graetz number
H5heat transfer coefficient (W m22 8C21)

DH5 latent heat of fusion (kJ kg21)
k5 thermal conductivity (W m21 K21)
L5 length of test section, length of the entry section (m)
_m5mass flow rate (g s21)

Nu5Nusselt number
Pr5Prandtl number
DP5pressure drop (kPa)
q5heat flux (W m22)
Q5heat rate (W)
r5 radius of the test tube (m)

Re5Reynolds Number
T5 temperature (8C)

DT5 temperature difference (8C)
u5flow velocity (m s21)
w5mass faction
x5 coordinate in the axial direction (m)

Greek letters

P5density (kg m23)
F5volumetric fraction
g5dynamic viscosity (mPa s)

Subscripts

c5microcapsule core
b5bulk
f5fluid
i5 inlet

lb5based on local bulk temperature
lw5based on local wall temperature
m5mean, melting point

Figure 11. Comparison of measured and predicted
Nusselt numbers for turbulent MPCM slurry
flow.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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o5outlet
p5particle
w5wall

wo5 external wall surface
x5 location in the axial direction

1–35melting regions of slurry in tube
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